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Ago2 facilitates Rad51 recruitment and DNA double-strand 
break repair by homologous recombination 
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DNA double-strand breaks (DSBs) are highly cytotoxic lesions and pose a major threat to genome stability if 
not properly repaired. We and others have previously shown that a class of DSB-induced small RNAs (diRNAs) is 
produced from sequences around DSB sites. DiRNAs are associated with Argonaute (Ago) proteins and play an im- 
portant role in DSB repair, though the mechanism through which they act remains unclear. Here, we report that the 
role of diRNAs in DSB repair is restricted to repair by homologous recombination (HR) and that it specifically relies 
on the effector protein Ago2 in mammalian cells. Interestingly, we show that Ago2 forms a complex with Rad51 and 
that the interaction is enhanced in cells treated with ionizing radiation. We demonstrate that RadSl accumulation at 
DSB sites and HR repair depend on catalytic activity and small RNA-binding capability of Ago2. In contrast, DSB 
resection as well as RPA and Mrell loading is unaffected by Ago2 or Dicer depletion, suggesting that Ago2 very likely 
functions directly in mediating Rad51 accumulation at DSBs. Taken together, our findings suggest that guided by 
diRNAs, Ago2 can promote Rad51 recruitment and/or retention at DSBs to facilitate repair by HR. 
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Introduction 

DNA double-strand breaks (DSBs) are highly cytotox- 
ic lesions and pose a major threat to genome stability if 
not properly repaired [1-4]. DSBs are primarily repaired 
by non-homologous end joining (NHEJ) or homologous 
recombination (HR). Whereas NHEJ is efficient but er- 
ror prone in piecing the DNA ends together, HR allows 
faithful repair, but requires sister chromatids and is there- 
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fore restricted to S and G2 [5-7]. HR repair is initiated by 
resection of DSB ends by the Mrel 1-Rad50-Nbsl (MRN) 
complex, CtBP-interacting protein (CtIP) and Exonucle- 
ase 1 (EXOl) to generate single-stranded DNA (ssDNA) 
that gets coated with the trimeric single strand-binding 
protein complex Replication protein A (RPA) [8-11]. 
RPA is then replaced by Rad51 to form nucleoprotein 
filaments that facilitate strand invasion and initiate the 
HR process [6]. 

Small RNAs (sRNAs) have emerged as important 
players in various aspects of biology. They are processed 
from double-strand RNAs by Dicer and associate with 
the Argonaute (Ago) family of proteins [12]. We have 
previously demonstrated that a class of sRNAs can be 
produced from the sequences in the vicinity of DSB sites 
in Arabidopsis thaliana and humans [4]. These DSB- 
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induced sRNAs or diRNAs are associated with Ago 
proteins and required for DSB repair [4]. Similar site- 
specific Dicer- and Drosha-dependent sRNAs (named 
DDRNAs) have been found in vertebrates and suggested 
to be involved in DNA damage response (DDR) signal- 
ing and activation [13]. DSB-derived sRNAs have also 
been detected in fly cells [14]. How diRNAs facilitate re- 
pair remains largely unknown. In this study, we sought to 
examine whether diRNAs facilitate DSB repair through 
facilitating the recruitment of repair proteins to DSB 
sites. We found that Ago2 interacts with Rad5 1 and is 
required for Rad51 accumulation at DSB sites. Interest- 
ingly, small RNA binding and catalytic activity of Ago2 
are dispensable for the Ago2-Rad51 interaction but in- 
dispensable for Rad5 1 recruitment and HR repair. These 
findings support a model in which Rad51 is guided to 
DSB sites by diRNAs through interacting with Ago2. 

Results 

The role of diRNAs in DSB repair is restricted to repair 
by HR and specifically relies on Ago2 

We have previously shown that diRNAs function 
through Ago proteins and depletion of Ago2 in human 
cells results in a significant reduction in repair by HR [4]. 
Here we first examined whether in humans, other Ago- 
clade members could also be involved in HR repair using 
the DR-GFP/U20S HR reporter system. In this system, 
U20S cells carry a DR-GFP substrate, which contains 
two nonfunctional GFP open-reading frames, including 
one GFP-coding sequence that is interrupted by a rec- 
ognition site for the l-Scel endonuclease. Expression of 
l-Scel leads to formation of a DSB in the l-Scel GFP al- 
lele, which can be repaired by HR using the nearby GFP 
sequence lacking the N- and C-termini, thereby produc- 
ing functional GFP that can be readily detected by flow 
cytometry [15]. Consistent with our previous findings [4], 
depletion of Ago2, Dicer or Drosha/DGCR8 impaired 
HR to a similar degree as Rad5 1 knockdown (Figure 
1A, Supplementary information, Figure S1A and SIB). 
However, depletion of any of the other Ago homologs 
(Ago 1 , Ago3 and Ago4) had no detectable effect on HR 
efficiency (Figure 1A, Supplementary information, Fig- 
ure S1A, SIC and SID), showing that the function of 
diRNAs in HR repair specifically relies on Ago2. The 
decrease in HR repair could not be explained by differ- 
ences in cell cycle distribution (Supplementary informa- 
tion, Figure S1E). Furthermore, we tested the expression 
of several key DNA damage response and repair factors 
and their expression remained unaltered by depletion of 
Ago2 or Dicer, except for a minor decrease in Chk2 fol- 
lowing prolonged depletion (Supplementary information, 



Figure S1F). Strikingly, we found that HR repair could 
be restored in Dicer-depleted cells by incubation with 
sRNAs isolated from I-Scel-transfected U20S/DR-GFP 
cells (Figure IB and Supplementary information, Figure 
S1G), demonstrating a direct role for diRNAs in HR 
repair. Surprisingly, sRNAs isolated from control cells 
containing no l-Scel had a weak rescuing effect on HR, 
suggesting that in addition to diRNAs some DNA dam- 
age-independent sRNA species might also be involved. 

Next, we tested the impact of diRNAs on NHEJ using 
a well-established NHEJ reporter assay [16]. Interesting- 
ly, in contrast to HR, NHEJ was not affected by depletion 
of either Ago2 or Dicer (Figure 1C and Supplementary 
information, Figure S1H), demonstrating that the func- 
tion of diRNAs in DSB repair is restricted to the repair 
by HR. Since the NHEJ assay does not distinguish be- 
tween repairs by classical or alternative NHEJ, we can- 
not rule out the possibility that the ratio between these 
two repair pathways might be affected. 

A previous report suggests that Drosha and Dicer are 
required for DNA damage response signaling [13]. How- 
ever, in our experimental settings, we did not observe 
defects in the recruitment of DNA damage signaling 
proteins in general or in checkpoint activation following 
Ago2 or Dicer depletion (Supplementary information, 
Figures S2, S3 and S4A, S4C-S4F). Taken together, 
these data solidify the conclusion that in association with 
Ago2, diRNAs play a specific role in HR repair. 

Ago2 interacts with Rad51 

How do Ago2 and diRNAs facilitate HR repair? 
Several reports suggest that non-coding RNAs can tar- 
get proteins to specific genomic loci to induce histone 
modifications and affect transcription patterns [17-20]. 
We have previously proposed that Ago2/diRNAs may 
recruit chromatin-modifying complexes to modify local 
chromatin or directly recruit proteins required for HR re- 
pair at DSB sites to facilitate repair [4]. To test the latter 
possibility, we sought to examine whether Ago2 accumu- 
lates at DSB sites and interacts with any of the proteins 
involved in the DNA damage response using chromatin 
immunoprecipitation (ChIP) analysis and co-immunopre- 
cipitation experiments. By using the DR-GFP/U20S HR 
reporter system [15], we could show enrichment of Ago2 
at DSBs (Figure 2A and 2B), suggesting that Ago2 is re- 
cruited to sites of DNA damage. Most intriguingly, over- 
expressed as well as endogenous Ago2 interacted with 
Rad51, but not with other tested DNA damage-related 
proteins including Mdcl, 53BP1 and RPA (Figure 2C). 
The association between Ago2 and Rad5 1 was enhanced 
by treatment with ionizing radiation (IR) which generates 
DSBs (Figure 2F), suggesting importance of the Ago2- 
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Figure 1 The role of diRNAs in DSB repair is restricted to repair by HR and specifically relies on Ago2. (A) HR repair rates in 
U20S/DR-GFP cells treated with the indicated siRNAs. (B) HR repair was restored by incubation with 50 ng of sRNAs (0.25 
ng/|il) prepared from U20S/DR-GFP cells transfected with pCBA-l-Scel (+l) but not empty vector (-I) in Dicer-knockdown 
cells. (C) NHEJ repair rates in HEK 293/EJ5-GFP cells treated with the indicated siRNAs. Knockdown of Ku70 that is 
important for NHEJ, but not Dicer or Ago2, reduced NHEJ. (*P < 0.005, **P < 0.0001, Student's f-test). The number of GFP- 
positive cells was measured by flow cytometry and the repair efficiency was scored as the percentage of GFP-positive cells. 
The extent of repair is shown relative to the repair observed in cells treated with control siRNAs. Histograms represent the 
mean of three independent experiments. Data are represented as mean ± SEM. 



Rad5 1 interaction in DSB repair. 

Ago2 and Dicer are required for Rad51 recruitment to 
DSBs 

The finding that Ago2 interacts with Rad5 1 prompted 
us to test whether the recruitment of Rad51 to DSBs de- 
pends on Ago2/diRNAs. To this end, we examined the 
localization of Rad5 1 at DSB sites in Ago2- or Dicer-de- 
pleted cells. Following the knockdown of Ago2 or Dicer 
by specific siRNAs, Rad51 but not yH2AX (the phos- 
phorylated form of H2AX that enriches at DSBs) focus 
formation was severely impaired in IR-treated cells (Fig- 
ure 3A, 3B and Supplementary information, Figure S4B) 
[21, 22]. The overall Rad51 protein level was unaltered 
by Ago2 or Dicer knockdown (Figure 3C). Likewise, in 
Ago2^ MEF cells [23] the recruitment of Rad51 to DSB 
tracks generated by micro-laser irradiation was strongly 
reduced (Figure 3D). Since Rad51 recruitment relies on 
the previous resection of DSBs that generates 3' over- 
hangs, the defect in Rad5 1 focus formation might be ex- 
plained by impaired resection in Ago2- or Dicer-depleted 
cells. However, DNA end-resection appeared normal 
as judged by the amount of ssDNA detected in Ago2 or 
Dicer knockdown cells following CPT treatment (Figure 



4A and 4B). In addition, Mrell and RPA accumulated 
normally at DSB sites in Ago2 or Dicer knockdown cells 
(Figure 4C-4F). Taken together, these results suggest 
that Ago2/diRNAs facilitate Rad51 recruitment to DSBs, 
very likely through the interaction of Rad51 with Ago2. 

DiRNA binding and catalytic activity of Ago2 are dis- 
pensable for the interaction with Rad51 

We next investigated whether the Ago2-Rad51 in- 
teraction requires diRNAs. We found that preventing 
diRNA generation by depletion of Dicer did not reduce 
the interaction between Ago2 and Rad51, suggesting 
that diRNAs are not necessary for efficient Ago2-Rad5 1 
interaction (Figure 5A). To confirm this, we used an 
sRNA-binding deficient Ago2 mutant (Y311A/F312A or 
YA/FA), in which two conserved residues important for 
sRNA-binding were substituted with alanine [24]. Con- 
sistent with our observation in Dicer-depleted cells, wild- 
type and YA/FA mutant Ago2 associated equally well 
with Rad5 1 (Figure 5B), indicating that sRNA binding 
is not necessary for Ago2 to interact with Rad5 1 . Ago2 
possesses a functional catalytic core containing three key 
residues (D597, D669 and H807) [25]. We found that 
a point mutation in the catalytic triad (D669A) had no 
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Figure 2 Ago2 accumulates at DSBs and interacts with Rad51. (A) U20S/DR-GFP cells were transfected with empty vec- 
tor or HA-Ago2 constructs, followed by transfection with l-Scel or empty vector control. ChIP assays were performed using 
HA antibody. Bound DNA was analyzed by PCR. (B) Quantification of ChIP data shown in A. The quantification is based on 
three independent experiments. Data are represented as mean ± SEM. (C) Myc-Ago2 or empty vector were overexpressed in 
293T cells by transfection as indicated and the lysates were subjected to immunoprecipitation using Myc-coupled beads. Im- 
munoprecipitates (IP) and whole-cell extracts (WCE) were immunoblotted with the indicated antibodies. (D) GFP-Rad51 was 
overexpressed in 293T cells by transfection as indicated and the lysates were subjected to immunoprecipitation using GFP 
beads. Immunoprecipitates and WCE were immunoblotted with the indicated antibodies. (E) 293T cells were transfected with 
control or Rad51 siRNAs, lysed and the lysates were subjected to Rad51 immunoprecipitation. Immunoprecipitates and WCE 
were immunoblotted with the indicated antibodies. (F) Two days post transfection with the indicated DNA constructs, 293T 
cells were treated with IR (5 Gy) and left to recover for 1 h. Cells were then lysed and the lysates were subjected to immuno- 
precipitation using Myc-beads. Immunoprecipitates and WCE were immunoblotted with the indicated antibodies (*P < 0.005, 
Student's /-test). 



obvious effect on Ago2 binding to Rad51 (Figure 5B), DiRNA binding and catalytic activity of Ago2 are 

suggesting that catalytic activity like sRNA binding is required for recruitment of Rad5 1 to DSBs 

dispensable for the interaction between Ago2 and Rad5 1 . Though not essential for the Ago2-Rad5 1 interaction, 
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Figure 3 Ago2 and Dicer are required for Rad51 recruitment to DSBs. (A) U20S cells were transfected with the indicated 
siRNAs for 48 h. Then, cells were treated with IR (5 Gy) and 1 h later immunostained with the indicated antibodies. Scale 
bars, 20 \im. (B) Quantification of cells positive for Rad51 and yH2AX. Data from three independent experiments were used 
to generate the histogram. Data are represented as mean ± SEM. (C) U20S cells were treated with the indicated siRNAs 
for 48 h, lysed and the lysates were subjected to immunoblotting with the indicated antibodies. (D) Wild-type or Ago2~'~ MEF 
cells grown on microlaser dishes were treated with 10 nM BrdU for 24 h. The cells were then subjected to microirradiation 
with pulsed UVA laser (X = 365 nm), and 1 h later immunostained with Rad51 and yH2AX antibodies. Scale bars, 20 urn. See 
also Supplementary information, Figure S5Aand S5B. *P< 0.005, Student's f-test. 



we next tested if diRNA binding and catalytic activity of 
Ago2 are required for the recruitment of Rad51 to DSBs. 
As already shown, knockdown of Dicer, and hence pre- 
vention of diRNA generation, abrogates Rad5 1 focus 
formation following DNA damage (Figure 3A and 3B). 
Importantly, complementation of Ago2-knockdown cells 
with wild-type Ago2, but not YA/FA or D669A mutants, 



restored Rad51 focus formation (Figure 5C, Supplemen- 
tary information, Figure S5A and S5B). Similarly, we 
found, by using the HR reporter system, that comple- 
mentation of Ago2-knockdown cells with wild-type 
Ago2, but not YA/FA or D669A mutants, rescued HR re- 
pair (Figure 5D and Supplementary information, Figure 
S5B), indicating that Ago2 needs its ability to associate 
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Figure 4 Ago2 and Dicer are not involved in DNA end resection or RPA/Mre11 foci formation. (A) U20S cells were treated 
with the indicated siRNAs for 48 h and labeled with 10 \iM BrdU for 36 h. CPT (5 |iM) was then added and the cells were in- 
cubated for another 2 h. Cells were immunostained with BrdU antibody and mounted in DAPI-containing mounting medium. 
Scale bar, 20 (iM. (B) Quantification of BrdU foci shown in A. The histogram is based on data from three independent experi- 
ments. Data are represented as mean ± SEM. (C) U20S cells were transfected with the indicated siRNAs for 48 h and then 
treated with IR (5 Gy). After 1 h, cells were immunostained with the indicated antibodies. Scale bars 20 \iM. (D) Quantification 
of cells with RPA and Mre11 foci shown in C. The histogram is based on data from three independent experiments. Data are 
represented as mean ± SEM. (E-F) Quantification of the number of RPA and Mre11 foci per cell. At least 80 cells were quanti- 
fied for each condition (*P < 0.005, Student's West). 



with sRNA as well as its catalytic activity in order to 
support Rad5 1 recruitment to sites of DNA damage and 
DSB repair. 

Discussion 



Rad51 is recruited onto RPA-coated ssDNAs through 
a process facilitated by various mediator proteins [6, 7]. 
In this study, we demonstrate that Rad51 interacts with 
Ago2 (Figure 2) and Ago2 is required for the recruit- 
ment of Rad51 to DSBs (Figure 3). This provides a novel 
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Figure 5 DiRNA binding and catalytic activity of Ago2 are required for Rad51 recruitment and HR, but are dispensable for 
Ago2-Rad51 interaction. (A) 293T cells were transfected with the indicated siRNAs and DNA constructs for 48 h, lysed and 
the lysates were subjected to immunoprecipitation using Myc-coupled beads. Immunoprecipitates and WCE were analyzed 
by immunoblotting with the indicated antibodies. (B) Upper panel, diagram showing the Ago2 domain structure. Y311A/F312A 
and D669A indicate the mutations generated to produce RNA-binding deficient and catalytically inactive mutants, respec- 
tively. Lower panel, 293T cells were transfected with the indicated constructs and lysates were subjected to immunoprecipi- 
tation with HA-coupled beads. Immunoprecipitates and WCE were immunoblotted with the indicated antibodies. (C) Rad51 
focus formation was restored in Ago2-knockdown cells by expression of siRNA-resistant wild-type Ago2 but not Y311A/F312A 
or D669A mutants. The histogram is based on data from three independent experiments. Data are represented as mean ± 
SEM. For representative pictures of immunostained cells, see Supplementary information, Figure S5A. (D) HR repair was 
restored in Ago2-knockdown cells by expression of siRNA-resistant wild-type Ago2 but not Y311A/F312A or D669A mutants. 
The extent of repair is shown relative to the repair observed in cells treated with control siRNAs. Data from three independent 
experiments were used to generate the histogram. Data are represented as mean ± SEM (*P < 0.005, Student's f-test). 



link between DNA repair and the RNAi machinery. 
Intriguingly, diRNAs are not necessary for the Ago2- 
Rad51 interaction (Figure 5A and 5B), but are required 
for Rad51 focus formation (Figure 5C) and efficient HR 
(Figure 5D). sRNAs are loaded onto Ago2 as duplexes, 
then Ago2 uses its catalytic activity to cleave the pas- 



senger strand to form a mature complex containing only 
the guide strand [25]. Interestingly, Ago2 catalytic activ- 
ity is indispensable for Rad51 focus formation (Figure 
5C and Supplementary information, Figure S3A) and 
HR (Figure 5D), demonstrating that diRNAs most likely 
needs to be in a single-strand configuration to support 
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Rad5 1 accumulation and subsequent repair. Considering 
these observations and the fact that diRNAs are gener- 
ated from sequences flanking DSBs [4, 13], Ago2-Rad51 
complexes might be guided to DSB sites through base 
pairing between diRNAs and homologous DNA sequenc- 
es surrounding the break site or scaffold RNA transcripts 
generated from around the break site. Base pairing be- 
tween diRNAs and DNA sequences or RNA transcripts 
could also provide means of stabilization/retention of the 
DNA repair intermediate (Figure 6). Alternatively, Ago2/ 
diRNA complexes may act to degrade nascent aberrant 
RNAs synthesized from broken DNA templates, thus 
preventing interference by these aberrant RNAs with the 
repair process. 

Of the four Ago-clade proteins in mammals, only 
Ago2 has catalytic activity [23, 26]. Each of the four Ago 
proteins can bind miRNAs and regulate miRNA targets 
through mRNA deadenylation and translation inhibition, 
which do not require the catalytic activity of Ago2 [27]. 
Our finding that the catalytic activity of Ago2 is indis- 
pensable for its function in Rad51 recruitment and HR 
repair may help explain how an evolutionary pressure to 
maintain a catalytically active Ago protein in mammals 
is generated. 

Materials and Methods 

Cell culture 

Human U20S cells, 293T cells, U20S/DR-GFP cells [28], 
Ago2~'- MEF cells [23] were grown in Dulbecco's modified Ea- 
gle's medium (DMEM) at 37 °C, 5% C0 2 with 10% fetal bovine 
serum and 1% penicillin/streptomycin (Invitrogen). The HEK 293/ 
EJ5-GFP cells [16] were cultured in high-glucose DMEM without 
phenol red containing 10% fetal bovine serum and 1% penicillin/ 
streptomycin (Invitrogen). HEK293/EJ5-GFP cells were cultured 
on plates treated with 0.01% polylysine (Sigma). The following 
drugs were used to treat cells: Camptothecin (CPT, Sigma, 2 |iM) 
and BrdU (Sigma, 10 \iM) at the indicated times. 

DNA constructs 

The following DNA constructs were used in this study: Myc- 
Ago2, HA-Ago2, HA-Ago2Y311A/F312A, HA-Ago2D669A and 
GFP-Rad51. The Myc-Ago2 construct was previously described 
[23]. To create pcDNA3-HA-Ago2, pcDNA3-HA-Ago2Y311A- 
F312A and pcDNA3-HA-Ago2D669A, full-length human Ago2 
was amplified and then cloned into pMD19-T (TaKaRa) with Eco- 
RI and Notl. Y311A/F312A and D669A mutants were generated 
by site-directed mutagenesis using pMD19-T-Ago2 as template 
and confirmed by DNA sequencing. All the Ago2 forms were then 
introduced into pcDNA3-HA vector with £coRI and Notl. GFP- 
Rad51 was constructed by cloning Rad51 cDNA into the Bglll and 
BamHl sites of pEGFP-Cl (Clontech). 

The following oligos were used for cloning and site-directed 
mutagenesis: Ago2-EcoRI-F: 5'-gactGAATTCgATGTACTC- 
GGGAGCCGGCCCCGCACT-3', Ago2-Notl-R: 5'-gactGCG- 




Figure 6 Working model for diRNA-directed Rad51 recruit- 
ment. Ago2-Rad51 complexes may be recruited to DNA DSB 
site through base pairing between diRNAs and homologous 
DNA sequences surrounding the break site or scaffold RNA 
transcripts (green dashed line) generated from DNA around the 
break site. 



GCCGCTCAAGCAAAGTACATGGTG-3', Y311AF312A-S: 
5'-TGGAGTGCACGGTGGCCCAGGCTGCCAAGGACAG- 
GCACAAGTTGG-3', Y3 1 1 AF3 12A-AS: 5'-CCAACTTGT- 
GCCTGTCCTTGGCAGCCTGGGCCACCGTGCACTCCA-3', 
D669A-S: 5'-CGCATCATCTTCTACCGCGCCGGTGTCTCT- 
GA AGGCCAG-3 ', D669A-AS: 5'-CTGGCCTTCAGAGACAC- 
CGGCGCGGTAG AAG ATG ATGCG-3 ' , Rad51-5g/II-F: 5'-gac- 
tAGATCTATGGCAATGCAGATGCAGCTTG-3', and Rad51- 
Bamm-R: 5 '-gactGG ATCCGTCTTTGGCATCTCCCACTCC-3 ' . 

RNAi 

The following siRNAs were used to knockdown the 
indicated genes: Agol (5 '-UUCUUGAGC ACCUCUU- 
CUCdTdT-3', 5 '-CCAUUGUAG AACUGUUUCCdT- 
dT-3', 5 '-UAUCC AGUGAGGUAAC AGCdTdT-3 ' and 
5'-AUGCUAUGAAAGUAACUCCdTdT-3') [26], Ago2 
(5'-UGACAUUGGGUUCUCAUACdTdT-3') [26], Ago3 
(5'- UUACCAAUCUGCUAAUUUCdTdT-3', 5'-UUGUGC- 
GUAAGGUAUCUUGdTdT-3 ', 5 '-UC AUAUUGC AU- 
AAUGAUGCdTdT-3 ' and 5 '-UUUGCAAAGAUAGUU- 
GUGCdTdT-3') [26], Ago4 (5'-AUUGCUAUUAGUUCUG- 
GCCdTdT-3 ' and 5'- UAAUAGAUG AUCCGAGUG- 
GdTdT-3', 5'-UCAUACUGAAAUCUCAUCUdTdT-3' and 
5'-UAAGGAAGCAUCCUGGUUCdTdT-3') [26], Rad51 
(5'-GGCAGUAGAUGUGCAGAUAdTdT-3', 5'-GGGACAU- 
GCUGCUACAAUAdTdT-3 ', 5 '-CUGCUACA AUACGGCU- 
AAUdTdT-3)', Dicer (5'-UCCAGAGCUGCUUCAAGCAdT- 
dT-3') [29], Ku70 (5 '-UGAGUGAGUAGUCAGAUCC- 
GUdTdT-3') [30], CtIP (5'-UAGUUUUGUCCAAAGGU- 
CCdTdT-3' and 5'-GAUUCGUUCCUGUUUUAGCdTdT-3') 
[31], DGCR8 (5'-AUCCGUUGAUCUCGAGGAAdTdT-3', 
5 '- AACAUCGGACAAGAGUGUGAUdTdT-3 ', 5'-AU- 
CACACUCUUGUCCGAUGdTdT-3') and control(5'- 
UAGAACGUCUAGGUAUCCCdTdT-3 ') . 
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All siRNA duplexes purchased from GenePharma were trans- 
fected into cells using Lipofectamine RNAiMAX (Invitrogen) ac- 
cording to the manufacturer's instructions. 

RNA preparation 

U20S cells were treated with or without IR (5 Gy) and cultured 
for an additional 1 h before RNA extraction. U20S/DR-GFP cells 
were transfected with I-Scel plasmid for 1 day before RNA was 
extracted. Total RNA was extracted with Trizol reagent (Invitrogen) 
according to the manufacturer's instructions. To isolate the 18- 
28 nt sRNA fraction, total RNA samples were separated on 15% 
denaturing polyacrylamide gel and the gel slices corresponding to 
the size of 18-28 nt sRNAs were excised. RNA was eluted from 
the gel with 0.4 M NaCl overnight at room temperature with agita- 
tion. After centrifugation, the supernatant was collected and RNA 
was precipitated and dissolved in RNase-free water. 

HR and NHEJ repair reporter assays 

The U20S/DR-GFP [28] and HEK293/EJ5-GFP [16] cell lines 
were used for assaying HR and NHEJ repair efficiencies, respec- 
tively. Cells were transfected with a plasmid expressing \-Sce\ 
(pCBASce) for 48 h. Cells transfected with an empty vector were 
used as a negative control. GFP-positive cells were identified and 
quantified by flow cytometry. The repair efficiency was scored 
as the percentage of GFP-positive cells. To examine the role of 
individual genes in DSB repair, prior to the transfection with 
pCBASce, cells were treated with siRNAs specifically targeting 
each gene for 48 h. 

Immunoprecipitation 

Whole-cell extract (WCE) was generated by lysing cells in 
NET 0.1% buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM 
EDTA, 0.1% NP-40 and protease inhibitors) followed by sonica- 
tion using a SonicDismembrator (Fisher Scientific) (1 min, with 
lOs-on and 20s-off cycles). Anti-HA affinity gel (Sigma, E6779), 
anti-Myc affinity gel (Sigma, E6654) and GFP-Trap-A beads 
(ChromoTek, gta-20) were used for immunoprecipitation of HA-, 
Myc- and GFP-tagged proteins, respectively. The beads were 
incubated with WCE for 5 h on a spinning wheel at 4 °C. For en- 
dogenous protein pull-down, specific antibodies were added to the 
WCE and incubated at 4 °C for 3 h. Then, protein A beads (Sigma, 
P9424) or protein G beads (Sigma, P3296) were added and the 
samples were incubated for additional 2 h. After incubation, the 
beads were washed for three times and boiled in SDS loading buf- 
fer. The samples were then separated on SDS-PAGE and subse- 
quently subjected to immunoblotting. 

Immunoblotting 

Whole-cell extract prepared in RIPA buffer (20 mM Tris- 
HCl, pH 7.4, 20% glycerol, 0.5% NP-40, 1 mM MgCl 2 , 0.5 M 
NaCl, 1 mM EDTA, 1 mM EGTA and protease inhibitors) or im- 
munoprecipitates were separated on SDS-PAGE, transferred to 
PVDF membrane, incubated with the indicated antibodies and 
detected by ECL Western Blotting Detection Kit (BD Bioscience). 
The following antibodies were used for western blotting and im- 
munoprecipitation: rabbit anti-Ago2/elF2C2 antibody (Abeam, 
ab32381), mouse Agol antibody (Milipore, 04-083), mouse Ago 3 
antibody (Novus, L021V1), mouse Ago4 antibody (Milipore, 05- 
967), mouse anti-Dicer antibody (Abeam, abl4601), rabbit anti- 



Rad51(H-92) antibody (SantaCruz, sc-8349), anti-ATM antibody 
(Abeam, ab81292), rabbit anti-Mrell antibody (Novus, NB100- 
142), mouse anti-RPA antibody (Abeam, ab2175), mouse anti- 
Ku70 antibody (SantaCruz, sc-5309), mouse anti-[3-tubulin anti- 
body (Sigma, T5293), rabbit anti-Myc antibody (Abeam, ab9106), 
mouse anti-MDCl antibody (Abeam, ab50003), rabbit anti-53BPl 
antibody (Bethyl, A300-272A), mouse anti-GFP antibody (CW- 
BIO, CW0258), anti-mouse IgG-HRP antibody (Dakocytoma- 
tion, p0161) and anti -rabbit IgG-HRP antibody (Dakocytomation, 
p0448). 

Immunofluorescence 

U20S cells were grown on coverslips or microlaser dishes, 
fixed with 4% paraformaldehyde for 15 min at room tempera- 
ture and permeabilized in 0.2% Triton X-100 for 10 min at room 
temperature. Treated cells were then incubated with primary an- 
tibodies for 1 h at 37 °C, washed and incubated with secondary 
antibody for 1 h at 37 °C. The slides were mounted in Vectashield 
mounting medium with DAPI (Vector Laboratories). Confocal 
images were acquired on Leica TCS SP5 (Leica). Image analysis 
was carried out with SP5 image software. The following antibod- 
ies were used for immunofluorescence: rabbit anti-Rad51 (H-92) 
antibody (SantaCruz, sc-8349), rabbit anti-Mrell antibody (Novus, 
NB100-142), anti-MDC antibody (Bethyl, bl3423), anti-53BPl 
antibody (SantaCruz, sc-22760), anti-Rap80 antibody (Bethyl, 
A300-763A), anti- ATM pi 981 antibody (Abeam, ab36810), FITC- 
conjugated anti-BrdU antibody (BD biosciences), mouse anti-RPA 
antibody (Sigma). Anti-mouse IgG-Cy3 antibody (Sigma, c2181), 
anti-rabbit IgG-FITC antibody (Sigma, f7512), anti-rabbit IgG- 
Cy3 antibody (Sigma, and C2306), anti-mouse IgG-FITC antibody 
(Sigma, F6257). 

Complementation assays 

To test whether sRNAs can complement the reduction in HR 
repair caused by the depletion of Dicer. In total, 1 x 10 6 U2OS/ 
DR-GFP cells were seeded in six-well plates. Twenty-four hours 
after transfection with Dicer siRNAs, U20S/DR-GFP cells were 
co-transfected with 2 |ig pCBA-I-Scel and Dicer siRNAs, after an- 
other 48 h, permeabilized with 1% Tween 20 in PBS for 15 min at 
room temperature and incubated 1 5 min at room temperature with 
50 ng (except for the dose response experiment in Supplementary 
information, Figure S1G where 50 ng, 20 ng or 5 ng sRNAs were 
used) purified sRNAs in DMEM (final concentration on cells was 
0.25 ng/|il). sRNAs were extracted from U20S/DR-GFP cells 
transfected with pCBA-I-Scel or empty vector. Cells were then left 
to recover for 1 h in DMEM with 10% fetal bovine serum at 37 
°C, 5% C0 2 , and processed for flow cytometric analysis of GFP 
We verified that the permeabilization treatment did not induce 
severe cell stress by comparing cell death in treated and untreated 
samples (Supplementary information, Figure S3C) 
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